Previous work has demonstrated that electrical impedance tomography can be used to image human brain activity during evoked responses, but twothirds of the reconstructed images fail to localize an impedance change to the expected stimulated cortical area. The localization failure may be caused by modelling the head as a homogenous sphere in the reconstruction algorithm. This assumption may lead to errors when used to reconstruct data obtained from the human head. In this study a 3D reconstruction algorithm, based on a model of the head as a homogenous sphere, was characterized by simulating the algorithm model, the head shape and the presence of the skull in saline-filled tanks. EIT images of a sponge, 14 cm 3 volume with a resistivity contrast of 12%, were acquired in three different positions in tanks filled with 0.2% saline. In a hemispherical tank, 19 cm in diameter, the sponge was localized to within 3.4-10.7% of the tank diameter. In a head-shaped tank, the errors were between 3.1 and 13.3% without a skull and between 10.3 and 18.7% when a real human skull was present. A significant increase in localization error therefore occurs if an algorithm based on a homogeneous sphere is used on data acquired from a head-shaped tank. The increased error is due to the presence of the skull, as no significant increase in error occurred if a head-shaped tank was used without the skull present, compared to the localization error within the hemispherical tank. The error due to the skull significantly shifted the impedance change within the skull towards the centre of the image. Although the increased localization error due to the skull is not sufficient to explain the localization errors of up to 50% of the image diameter present in the images of some human subjects, the future use of a realistic head model in the reconstruction algorithm is likely to reduce the localization error in the human images due to the presence of the skull.
from impedance measurements made by electrodes placed on the skin. Recently, we have demonstrated that EIT can detect reproducible impedance changes during human brain activity, measured non-invasively with scalp electrodes (Tidswell et al 2001) . These changes do not arise from impedance changes within the scalp (Tidswell et al 2001) so the origin of these changes is likely to be from within the brain. The likely mechanism of these changes is increased blood flow and blood volume as a result of neural activity . However, only a third of the EIT images reconstructed from the changes measured during visual, motor and somatosensory evoked responses had changes localized to the appropriate cortical area. The cause of the failure to localize changes in the other images is unknown but it is possible that reconstruction errors are present in the images, as the reconstruction algorithm used to produce the images from the impedance data was produced from a spherical and uniformly resistive model of the head (Gibson et al 1999) .
The human head differs from the spherical model in several aspects, such as the shape, the layers of different resistivity present in the head and tissue anisotropy. These differences may introduce reconstruction errors in the images when the spherical algorithm is used on data obtained from the head. One of the main differences, which may account for this error, is the presence of the highly resistive human skull. We know from EIT imaging data of objects within saline filled tanks that the effect of a simulated plaster of Paris skull (1) reduces the magnitude of impedance changes measured within the 'skull' and (2) produces reconstruction error in that the position of an object in an image is moved towards the centre of the image in relative to its position in the tank (Avis et al 1992) . However, these results do not necessarily apply to the human skull which has a different shape, a variable thickness and the presence of low resistance paths produced by blood vessels, foramina, sutures, ear canals and the eye sockets. For example, the resistivity of a human skull, soaked in 0.9% saline, is dramatically reduced by the presence of sutures from 21 400 cm in continuous skull to 1360 cm in skull which contains a suture (Law 1993) . As the skull resistance will affect the amount of current which enters the brain, then the sensitivity of impedance measurements will vary between different current electrode positions which may introduce distortions in the reconstructed images.
The purpose of this study was to assess the effect of the skull and the head shape on EIT images. This was performed by three-dimensional imaging of an object in known positions within saline filled tanks: (1) a hemispherical tank to assess the localization accuracy produced by the use of a homogenous sphere reconstruction algorithm on data acquired from a homogenous hemispherical tank; (2) a head-shaped tank to assess the localization accuracy due to head shape and (3) the same head-shaped tank with a real human skull to assess the effect of the skull on localization accuracy. The test object used was a small cylindrical sponge with a resistivity contrast of 12%, similar to the impedance change found in rabbits during brain activity . All images were reconstructed with the homogeneous sphere algorithm.
Methods

EIT imaging in tank phantoms
The hemispherical tank was made from a Perspex bowl with a 19 cm inner diameter. 31 electrodes, made of chlorided silver balls 1 mm in diameter, were inserted on the inner surface of the bowl in positions based on a modified 10-20 system of electroencephalography (EEG) electrode placement (figure 1) (Binnie et al 1982) . The same electrode positions were used in the human EIT imaging studies (Tidswell et al 2001) . Diagram of scalp electrode placement on the head, viewed from above, with labels corresponding to those from the 10-20 international system of EEG electrode placement. An identical pattern of electrode placement was present on the inner surface of the hemispherical and the head-shaped tanks. This diagram also illustrates how measurements of impedance were made from combinations of four electrodes: two were used to supply an alternating 50 kHz current to the head and different pairs of electrodes were used to measure voltage, V . The current and voltage electrodes were switched between 258 different electrode combinations in a period of 25 seconds for each image.
The head-shaped tank was formed from a silicone-rubber cast of a head-shaped model, made from a human skull covered with clay, to simulate the extra-cranial tissues of the scalp, head and neck. The thickness of the simulated scalp was 3-4 mm, based on measurements from adult head MRI scans. The other tissues of the face and neck were modelled to give an approximation to the surface contours of the human head (figure 2). 31 silver electrodes, 1 cm in diameter, cut from 0.5 mm thick silver foil, were positioned on the head model in the positions described above. The electrodes were embedded into the inner walls of the tank during the casting process.
Each tank was filled with 0.2% saline and EIT images acquired of a 12% impedance increase generated by a 14 cm 3 polyurethane sponge (density 5% w/v, 2.5 cm diameter and 2.8 cm length. Vitafoam, UK), inserted inside the saline-filled skull. Each image consisted of 258 impedance measurements made from different combinations of the 31 tank electrodes; each measurement used four electrodes, with current applied through opposing electrodes in a polar drive arrangement (Bayford et al 1996) , and voltage measured through the other electrodes. The impedance measurements were made at 50 kHz with a Hewlett-Packard 4284A impedance analyser (www.hewlettpackard.com), adapted for four-terminal impedance recording with a differential instrumentation amplifier (Gersing 1991) and multiplexer (Bayford et al 1996) . As this system measured impedance through a bridge balancing technique, which is relatively slow but accurate, each measurement took 0.1 s so an image data set was acquired over 25 s.
EIT images of the sponge were obtained in (1) the hemispherical tank, (2) the headshaped tank with no skull and (3) the head-shaped tank with the skull present. The sponge was suspended by a wooden support, which was present in both the baseline and sponge images (figure 3). Difference images, with reference to the baseline measurements, demonstrated the impedance change due to the sponge only. The sponge was imaged along the anterior-posterior Figure 2 . The head model used for the mould of the head tank. This was constructed from oil based clay applied around a human skull to simulate the thickness of the scalp and the tissues of the head and neck. Silver electrodes were placed on the 'scalp' of the model, and the head-tank cast around it with silicone rubber mould. When the rubber had set, the electrodes were embedded on the inner surface of the head shaped tank, through which impedance measurements were made. (a) Picture of the head-shaped tank constructed from a silicone rubber cast of a headshaped mould. 31 silver electrodes, positioned in a 3D array based on the 10-20 EEG system of electrode placement, are present on the inner surface of the tank through which impedance measurements are made. The EIT system made 258 polar drive impedance measurements per image. Images of the sponge were made in either a saline filled (1) hemispherical tank, (2) headshaped tank without skull or (3) a head-shaped tank with the presence of the skull ( figure 1(b) ). (b) Cross-sectional diagram of the head-shaped tank, filled with 0.2% saline, used to image a sponge within the human skull. A sponge, representing a 12% impedance increase, was positioned on a wooden support within the skull and imaged. Difference images were produced compared to a baseline of the support only to isolate the impedance change due to the presence of the sponge. midline axis of each tank in three positions: anterior, central and posterior (figure 4). Between 12 and 16 (mean 15) images of each sponge position were individually analysed for the size and position of the peak impedance increase. The localization error for each image was calculated by comparing the position of the imaged impedance change, relative to the dimensions of the image, to the true position of the sponge, expressed as a percentage of the diameter of the tank. The localization errors were averaged for each sponge position in each tank. All results are expressed as mean ± standard error of the mean (SEM), unless otherwise stated.
Image reconstruction
The reconstructed EIT images represent a spatially smoothed and low resolution image of the impedance changes within the head tank, in which the pixels are inversely related to the conductivity changes, σ. For small conductivity changes, σ can be taken to be linearly related to voltage changes measured at the scalp, V , when a current is applied to the head tank. This relationship is expressed in matrix form by Poisson's equation:
where A is known as the sensitivity matrix. The problem is to solve the equation to find σ, given the measured voltages, V , which are proportional to the boundary impedance measurements. This was done by calculating the sensitivity matrix analytically for a model of the head as a sphere of uniform resistivity. The matrix was then inverted, by truncated singular value decomposition (Golub and Loan 1996) in which the sensitivity matrix was decomposed into a series of orthogonal matrices, each associated with a weighting factor-a singular value. However, as errors in the sensitivity matrix are emphasized by the inversion process and can severely distort the final images, then these errors are suppressed by truncating the inversion process at a point before which noise is introduced into the images. This threshold depends on the size of noise in the impedance data, the size of the errors in the sensitivity matrix and the numerical rank of the sensitivity matrix, determined by the number of independent impedance measurements (Gibson 2000 , Breckon 1990 ). The number of independent measurements was determined by SVD (Avis and Barber 1994) . The finding was that 255 appeared independent, which was almost identical to the number of electrode combinations used in this study (Gibson 2000) . However, a truncation threshold of 62 singular values was chosen, as this was appropriate for the level of noise present in the human impedance data acquired during evoked sensory activity (Tidswell et al 2001) . Once the inverted sensitivity matrix, A −1 is calculated, Poisson's equation can be rewritten:
from which the image of impedance change in the head tank can be calculated for any set of measured voltage changes.
Measurement of skull and saline resistivity
In a separate experiment, the resistivity of the skull soaked in 0.2% saline at 23
• C was measured at 50 kHz by the HP 4284A impedance analyser. It used a two-electrode resistance measurement method in which current was applied at the same electrodes where voltage was measured. Two saline filled probes were made from Perspex tubes, 7 cm long and 1 cm internal diameter. Each probe consisted of a silver/silver chloride electrode at one end and a rubber measurement tip with a 0.8 cm diameter hole at the other end. The measurement tip of each probe was placed on either side of the skull, the probes filled with saline and the resistance measured between the probe tips. The thickness of the skull and the resistance of the saline filled probes without the skull were also measured, from which the resistivity of the skull was calculated. The resistivity of 0.2% saline at 23
• C was measured by a similar technique, but different lengths of saline filled probes were used in order to subtract out the effect of electrode resistance.
Results
Localization errors
The presence of the skull significantly increased the localization error obtained for the anterior and posterior positions of the sponge (p < 0.01, one-tailed t-test, df = 26 and 30 for anterior and posterior comparisons, respectively, table 1). The localization errors of the centrally positioned sponge were not significantly different from each other for all three tank simulations (p > 0.05 for all comparisons, one-tailed t-test). The head shape alone did not affect localization error, as the errors between the head-shaped tank without the skull were not significantly different from those within the hemispherical tank for comparisons of all three sponge positions (p > 0.05, one-tailed t-test, df = 26, 26 and 30 for anterior, central and posterior comparisons, respectively). In the head-shaped tank the skull reduced the amplitude of the imaged impedance change by a factor of 8.2, 5.5 and 5.6 for anterior, central and posterior positions, respectively.
As the skull increased localization error, a further analysis was performed to determine whether the skull moved the imaged impedance change towards the centre of the skull, as suggested by previous experiments. This analysis compared the position of the sponge along the longitudinal axis of the image between the head shaped tank with the skull and without the skull (table 2) . The skull significantly moved the image of the sponge, in the anterior and posterior positions of the tank, towards the centre of the image (p < 0.05, one-tailed t-test, df = 26 and 30 for anterior and posterior comparisons, respectively, table 2). No difference was seen comparing the sponge in the central position of the tanks (p > 0.05, one-tailed t-test, df = 26).
Resistivity of skull and saline
The average resistivity of the skull at 23
• C, measured at nine different positions on the skull, but not across suture lines, was 20 800 ± 210 cm. The resistivity of 0.2% saline at 26
• C was 237 ± 2 cm. This gave a resistivity contrast of skull to saline of 98:1.
Discussion
These experiments demonstrate that (1) small impedance changes can be imaged and localized within the human skull, even though the head was modelled as a homogeneous sphere in the reconstruction algorithm, (2) the geometry of the head does not increase localization error and (3) the presence of the human skull significantly increases localization error but in a predictable way, towards the centre of the tank.
These results were obtained within a skull of higher resistivity, of 20 800 cm, than that measured by Law (1993) of 7560 cm. This was due partly to the difference in saline used to soak the skull, 0.2% in this study and 0.9% in the study by Law, and that the resistivity of skull in this study was calculated from measurements across intact skull rather than across sutures. In vivo, the resistivity of the skull is likely to lie between these values as it is filled with bone marrow, blood, extra-cellular fluid and bone matrix. Estimates of the resistivity contrast of the skull in vivo to the surrounding tissues are 65:1 and 28:1 for scalp and brain, respectively (Gibson et al 2000) . These estimates are lower than the contrast measured in this study of 98:1. This implies that the effects of the skull on EIT imaging may be larger in this tank study than during human brain imaging. Despite these differences, these results can be used to predict the size of localization error due to the skull expected from the use of a reconstruction algorithm, based on a homogeneous sphere model, on EIT data collected from the human head. The addition of a simple radial correction in the reconstruction algorithm, to compensate for the shift of impedance changes within the skull towards the centre of the images, would improve the localization accuracy when imaging within the skull. The size of this correction would need to be adjusted to account for the difference between the resistivity contrast of the skull to its surroundings within the head-shaped tank, compared to that in life. Alternatively the localization error due to the skull could be reduced by including realistic information about the resistivities of the head in the calculation of the sensitivity matrix used in the reconstruction algorithm. This could either be done by using a three-sphere head model which would give a more realistic representation of the current distribution in the human head than a homogenous sphere model (Rush and Driscoll 1968) or by using a realistic finite element model of the human head (Gibson 2000) . The advantage of a finite element model would be the inclusion of information about the head shape in addition to information about the distribution of the resistivities in the head.
However, although the skull produced increased localization error, the error is less than 20% of the image diameter. This is not sufficient to explain why impedance changes in the human images lie up to 50% of the image diameter away from the area of stimulated cortex. It is probable that additional errors are present in the human images, perhaps due to differences between the head and the head-shaped tank, such as the electrode-skin interface or the anisotropy of the head, or perhaps there are physiological factors which produce multiple impedance changes not localized to the expected area of stimulated cortex.
It is unlikely that tissue anisotropy has a greater effect on the production of errors than that of the skull, as the resistivity contrast of 98:1 between the skull and saline in these tanks is likely to be higher than resistivity contrasts due to tissue anisotropy or between different tissues other than the skull. For example the resistivity contrast between two dissimilar tissues, the grey matter and cerebro-spinal fluid, is approximately 7:1 (Geddes and Baker 1967) . The high impedances at the electrode-skin interfaces may contribute to localization error by the introduction of common mode errors (Brown and Seagar 1987) , which will reduce the magnitude of impedance changes measured at the scalp in an unpredictable manner. However, the effect of common mode errors may be small, as reductions in the impedance changes from the tank data do not visibly affect image localization even if up to 40% of electrode measurements are affected; only a reduction in the magnitude of the impedance change is seen.
In conclusion, some improvements in impedance localization within the skull may be achieved by the inclusion in the reconstruction model of the shape and conductivities of the head. However, this may not improve the localization of human brain activity if stimulation produces more than one isolated impedance change. Improved localization would then require an improvement of the resolution of EIT, which may be achieved through an increased numbers of scalp impedance measurements or improved measurement precision. Increased numbers of measurements are now feasible with a new 64-channel Mark 1b UCH EIT system, which is able to acquire three-dimensional images in approximately a second. The improvements of resolution and localization may then enable EIT for clinical use, to image impedance the changes we expect to see during epilepsy (Rao et al 1997) , migraine (Boone et al 1994) and stroke (Holder 1992) .
